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The Fog-Oil Anomaly Confirmed in HELSMK-1 Teslts.

Sig Gersyd, Shirish Chitanvis and Andrew Zardecki
Los Alamos National Laboratory, Los Alamos, NM R7545
and
James Wallace
Far Field Inc., Sudbury MA.

Fred Gebhardr
SAIC. Lexzington, MA,

Boh Dekinder
PM/Smoke/Obscurants, U.S. Army.

ABSTRACT.

Modeling analyses of preliminary cxperimental data obtained from the High Encrgy
Laser (HEL) beam propagation tests (HELSMK-D) through tactically significant smokes
are  presented for the case of Fog-oil (FO). Thermal imager data together with
transmission  measuremcents and other experimental cvidence are used to recconstruct
and model the inwraction physics of the HEL beam with FO. An carlier theoretical model
by Wallace (1983) predicied that the high cnergy beam would vaporize large (>10pm) FO
droplets. whiic the smaller droplets primarily conduct their cnergy to the ambient air,
thereby cenhancing thermal blooming in  air. This bchavior is categorized as an
anomaly for the imeraction of a HEL beam with acrosols because complete vaporization
would normally have been expecied.

The HELSMK-1 test ogether with computational results from our nonlincar beam
propagation codes confirmed this prediction. Fog-oil ¢an thus be clasdified as an
cffective smoke shicld against a HEL threat in open air at infra-red wavcelengths, at flux

levels of a few tens of Kilowaits/em2. These results also validated our computer models
*vhich  show that a punch-through cffect is prevented in FO due to its cnhanced
blooming characteristics.

1. INTRODUCTION.

I'he purpose of the HELSMK-1 test was to investigate the efficiency of various
obscurants in blocking a high energy laser beam generated by the MIRACL  laser
(wavelength A = V8 uym'. The flux level of the beam upon focusing was around 40
kW/cm2. Our aim was to model the interaction of this high cnergy laser heam  with
obscurants  such  as Fogoill (FO) n order to understand and  predict s blockimyg

properices.

I'he propagation of a HEL beam through obscurants (s characterized by two types of
elfects. () Lincar: heam spread due 1o scaitering from  the obscurants and  turbulence,
and absorpticn due to wmir molecules and the disp-rsed  acrosols  (hy Nonhnear  acrosnl
vapornization, 1onization  (plasma  formation),  non-hinear  optical  etfects  such  as
Sumulated Raman  Scattering  and  Sumulated Brllown  Scattening n - droplets, and fas

but not least, thermal blooming i wir

In thiy paper we shall argue that at the Mux levely provided by the MIRACL laser, larger
KO droplels vaporize, whereas the smaller ones suaply conduct heat to the ammosphere.

thereby  enhancing  atmospheric  thermal  blooming.

1. SUMMARY OF HELSMK-I TEST RESNSULTS.

The expernimental sctup 15 sketched i Fig 1 and described i detmd by Farmer and
Dekinder (1986)  Basically, the HEL beam (at VA jm) was focused roughly i the center
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Figure 1. HELSMK-I cxperimecmal sciup. The HEL laser beam travels from left to nght,

and focuses roughly in the middle of the the smoke release area. For details, reler (o
IFarmer and DecKinder (1986).
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Flgure 2. Ray optics calculation of the diameter of  Figure ). Calculanon ot the HEL mensiy as i funcnon

the bheam

ay il traverses 1o the targer board ol the

of the smoke release arca (see Fig ) The beam flux ievel reached a peak level ot
roughly  40kW/cm* al the focus (see Fig. 1) The beam diameter at the fowus wan
approximalely 10cm (see Fig 2) The following diagnostics were ohtained

Iy HEL energy deposiion on target board

M) Low power transmissoricters along and acrost the HEL heam

V) Thermal imagers (MIDAS) i the V-Sum and he R 12um range

4 Smoke data, such av pa‘ucle size and concetraton were measured

propagation distancgg assuming 1MW beam  puwer

ra



The beam wander was ncgligible. The cross-wind was between 0.8 and 4 m/s during the

duration of the test. The beam shape is roughly C-shaped.

HEL shots were made in clear air and FO. The clear air shots meclted the Aluminum target
plate. All FO smoke shots left the iarget plate intact, implying that the FO-smoke
attcnuates the HEL beam. Thus there was no punch-through effect, whercas one
cxpected, in view of the low latent heat of FO that it would be completely vaporized. This

is the so-called FO anomaly.

The other puzzle was that whercas the diameter of the beam was of (he order ol a few
tens of ¢ms in thc smoke release arca. the thermal imager data (at K-12um)  showed the

presence of a hot-spot roughly 10m in diameter. This was the so-called hot-spot pus/ie,
). THE FOGOIL ANOMALY.

Despite the low latent heat of FO (1/10 that of water), measurements have shown tha
the vapor pressure arourd fogoil droplets is extremely low . This is duc to the high
ctfective molecular weight (approximatay 275) of FO «(Gebhardt and Turner (198

Since the vapor pressure is low, the FO droplets have 10 be heated up to its Fauling

temperature  (approximately 627°K) before they will stan to vaporize. This “non.
vaporization” effect is quantified by several codes: LASER (at LANL). NONLIN (Wallace),

ABVPRO (Gebhardt).

The non-vaporizing cffect is particularly true of small (submicron o micron sizer 1O
particles, when conduction to the atmosphere dominates vaporization of the FO dropler

(scx Fig. 4. which encapsulates results from the code LLASER). In this case. 1t 15 possible
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Figure 4. A computation of the cenergy fraction 108U 10 vanous mec amsms alonyg
propagation  path through FO - Notice that conduciive fosses ol heat 1o the anmhient

dominate the vaponzanon process for this case

the

B2



to gct an analytic result for the temperature risc of the droplet (Armstrong et al
(1985)):

AT=ﬁ(l-cxp(-—(—)) (3D
Jx Lond

where AT is the temperature rise of the droplet, a is the radius of the droplet, Qp is the
Mic absorption cfficiency of the droplet. F is flux level, x is the thermal conductivity of
the droplet. and t.qngd i5 the characteristic thermal conductivity time scale given by
p(‘\,alllx. This timc scale is of the order of sub-microscconds. so that the asymptolic
value given by sectting t to infinily in Eqn.(}.1) is achieved quickly. For a = 1.0 um, AT =
340 C for F = 10kW/cm2. This compares well with the results of the code NONLIN (sce Fig.
5).

INCREASE IN DROPLET TEMPERATURE AS A
FUNCTION OF THE ABSORBED IRRADIANCE
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Figure 5. Tcemperature increase of single FO droplets of various sizes, as a function of

the absorbed irradiance. Notice that a small. submicron FO droplet does not heat up very

much, whercas a 5 micron FO droplet can casily heat up 10 boiling.

The basic point we are trying to make in thiy scction ix that small droplets of 'O do not
vaporize. but large particles of FO heat up 10 boiling and start vaporizing. Moreover,
transmission mecasurcmenty al J.Hum and in the IR are consistent with an average

panticle size of about 0.67 um. Thix cxplainy why the FO did not vaporize, and so blocked

the hecam.



4. SOLVING THE HOT-SPOT PUZZLE.

Figure 6 shows our conception of how the hot spot developed. As shown in the previous
section, large FO drops (there is a non-ncgligible (raction of such particles in the
polydisperse distribution of FO utilized in the test) heat up by hundreds of degrees. after
which they stan 10 emit thermal radiation according to the Stcfan-Boltzmann law. This
thermal radiation then suffers multiple scattering in the fogoil, spreading 10 a dJistance

of a few meters. This spread may be estimated by the [following expression (Box and

Dcepak (1981)):
/t I.

where t is the optical depth of the smoke cloud. L is propagation distance (I0m), k is the
wavenumber of the IR radiation (k = 2mA = 0.6(um)-! for wavcliengths in the &-12 pm
rcgion), and a is the radius of the droplet. From traasmission mecasurements, t =1,
giving Ar=~ 10 m. This is in order-of-magnitude agreement with the observed thermal

imager dala.
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Figure 6. Schematic representation to cxplain the Hot-spor puzzic.

Figure 7 summuarizes the physics of the FO anomaly and the observed thcermal imager
hotspot. Data in Fig. 7 arc qualitative because no detailed size disinbution measurements

could be performed within the heam path before or just after the irradiation.

The last remaining problem is thai such hot-spots were observed in clear-air shots as
well. We speculate that in this case, there were dust pafticles in the heam path  Dux
particles (quanz) can casily heat up to 1000°K on the scale of 2 seconds, at a flux level ol
10kW/cm2. These Lot particles will then radiate thermal energy. giving rise 1o the hot

spot we just discussed. These hot parucles are sometimes referred (o ay “lireMies”
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Figure 7. A qualiialive depiction of the physics FO anomaly.

S. CONCLUSIONS.
Wc have come to two conclusions, based on our analyses of the HELSMK.I daa for O.

1) Fog-oil does not vaporize casily as white phosphorous or waler might. Fog-oil
cnhances thermal blooming in air. HEL punch-through 1s prevented due to blooming.
Therefore. Fogoll is an effective shleld against HEL threat at 1.8um for flux levels

of a few kilowarts/cm?2.

2) We helped solve the hot spot puzzie, by cstimating that the thermal radiation from
the large-particle fraction (<< 1%) of the FO distribution can undergo  multiple
scattering from the FO droplets, giving rise 10 a large horspot. We note that the FO hao

spot could be used to diagnose the HEL source.
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